We study the magnetocaloric effect (MCE) in spin clusters of six spins with site spins s = 1, 3/2 and 2 for different exchange anisotropies. We also study MCE in an assembly of spin clusters, on a chain, a 2-D square lattice and a 3-D cubic lattice with spin-dipolar interactions using a Monte Carlo method in spin-1 systems. We compute the magnetic Grüneisen parameter Γ H , and study its dependence on exchange anisotropy and spin-dipolar interaction. With increase of exchange anisotropy the maxima in Γ H , shifts to higher magnetic fields and becomes a sharp singularity. The first maximum in Γ H shifts to lower fields as we increase spin-dipolar interaction. The behaviour of Γ H on applied magnetic field is also reflected in the magnetic entropy of the systems. The first maximum in Γ H also shifts to lower magnetic field strength as the magnitude of the site spin increases. We also show the dependence of Γ H on dimensionality of the lattice for a fixed lattice constant.
I. INTRODUCTION
Magnetocaloric effect (MCE) has been extensively used in refrigeration by the adiabatic demagnetization (AD) method to obtain temperatures as low as a few micro Kelvin [1] [2] [3] [4] . In the AD method, a magnetic field is applied isothermally to a magnetic material and the field is removed adiabatically resulting in the cooling of the magnetic substance. The magnetic materials used in AD are mostly paramagnetic inorganic salts or oxides of rare earth elements because of the large magnetic moment associated with them [5] [6] [7] . In recent years, there has been considerable interest in molecular magnets, in the quest for efficient MCE materials [8] [9] [10] [11] [12] [13] [14] [15] [16] .
While MCE was discovered more than a century ago 17 , the molecular magnets have a more recent history, of less than fifty years. Molecular magnets are usually polynuclear inorganic complexes of transition or rare earth metals [18] [19] [20] . The metal centers are magnetic and have exchange interactions among them. The resulting spin of the molecule is large and hence the magnetic entropy associated with these systems is also expected to be large. Thus, one would expect a large increase in magnetic entropy when the magnetizing field is switched off adiabatically. This should translate to a large MCE, since to compensate the increase in magnetic entropy, the lattice entropy will decrease, resulting in the cooling of the sample.
Indeed there have been many studies on the well known single molecule magnets (SMMs) M n 12 and F e 8 10,11,15,16 , in which large MCE has been observed but the effect diminishes at liquid Helium temperatures due to thermal blocking of the magnetization.
The SMMs are characterized by exchange interactions between magnetic centers which are often frustrated 21 . There have been many theoretical studies in SMMs and SCMs and the role of on-site anisotropies and exchange anisotropies in determining the overall magnetic anisotropy of the SMMs and SCMs 22, 23 . The overall magnetic anisotropy is expected to control the blocking temperature T B of the system. Large magnetic anisotropies are expected to lead to high T B and consequently low MCE below T B , since change in magnetic entropy below T B is expected to be small. However, we have not seen any systematic theoretical study of the MCE in SMMs or SCMs in the literature. In this paper, we study MCE in a class of spin chains which are characterized by both frustration and single ion as well as exchange anisotropy. We employ the exact diagonalization method to study MCE in small spin chains of spin s = 1, 3/2 and 2 with site diagonal anisotropy. We also study an assembly of these spin chains with spin-dipolar interactions using the Monte Carlo method.
Specifically, we deal with two kinds of spin chains (i) alternating ferromagnetic (F) and antiferromagnetic (AF) exchange interactions between nearest neighbors and (ii) the above model with an additional next nearest neighbor ferromagnetic interactions. Experimentally, the first model has been realized in (
, M n(II), N i(II)andF e(II)] systems [24] [25] [26] [27] . In the first model there is no frustration while in the second model frustration is built in due to the next nearest neighbor ferromagnetic interactions. In the next section we introduce the model spin Hamiltonians and discuss numerical method for obtaining the MCE coefficient characterized by the magnetic Grüneisen parameter Γ H . In section 3 we discuss the dependence of Γ H on frustration and magnetic anisotropy, from both exact diagonalization and Monte Carlo studies. In the last section we summarize our results.
II. MODEL HAMILTONIAN AND METHODOLOGY
The Hamiltonian of the two models we have studied are given bŷ M s sectors as we are interested in computing thermodynamic properties. The quantity we compute is the magnetic Grüneisen parameter Γ H given by
where the symbols have the usual meaning and the equality is obtained from Maxwell relation. The specific heat, C H and the derivative ( ∂M ∂T ) H can be obtained from the relations
Thus, computation of Γ H is carried out from the full eigenvalue spectrum of the Hamiltonian for chain lengths N = 6 and 8 and site spins s = 1 and for chain length N = 6 for spins 3/2 and 2.
We have also carried out MCE calculations on an assembly of the spin clusters. We have assumed classical spin dipolar interaction between clusters, whose energy is given by
In the Monte Carlo calculations, which uses the Metropolis algorithm, the states of the Markov chain are all the eigenstates of all the clusters in the system, namely the set {i k } where i k is the i th state of the k th molecule with z-component of the magnetization given by M i,k . We neglet the x and y component of the magnetization as we are treating the dipolar interactions classically.
In the implementation of the MC algorithm, we choose a site k at random and choose a state i to which we wish to make a transition from the initial state i. The energy difference ∆E for this change is given by
If ∆E is -ve the state of the spin cluster at site k is changed from i to i otherwise it is changed with a probability {exp( ∆E T )}. This is distinct from the single spin flip mechanism as M i ,k does not necessarily differ from M i,k by unity. We found that restricting to single spin flip mechanism (∆M = ±1) does not yield the correct thermodynamic properties even after a very large number of MC steps, in the case of two and three spin clusters for which exact thermodynamic calculation can be carried out. Hence, we have used a general mechanism in which the state at site k can flip from any magnetization M k,i to any other magnetization M k,i . We have studied a chain, a 2-D square lattice and a 3-D single cubic lattice with up to 125 spin clusters. In the case of the chain, the anisotropy d is along the chain axis, which is the z-axis. In the 2-D and 3-D cases the anisotropy is along one of the unit cell axes.
III. RESULTS AND DISCUSSION
We have carried out studies on the two models for different site spins, for single cluster as well as for 1, 2 and 3-D assemblies, each involving about a hundred spin clusters. We have computed the magnetic Grüneisen parameter for single cluster as well as for the cluster assemblies.
A. Non-frustrated Spin Chains (Model I)
The exact magnetic Grüneisen parameter Γ H is shown in fig 2 for a cluster of 8 spins with s = 1 and clusters of six spins with site spins s = 3/2 and 2. We note that Γ H peaks in the low field limit in all the cases. The peak is higher for larger exchange anisotropy. These features are consistent with the fact that the system is magnetic in the ground state and the magnetization of the system increases with anisotropy in the exchange constant J 1 and the site spins. What is interesting is the behaviour of Γ H in the higher field regime. For isotropic exchange, there are oscillations in Γ H at higher fields. As the exchange anisotropy is increased all these systems give rise to a single sharp minima followed by a maxima, arising from a level crossing. This is true for all site spins, although the magnetic field at which this strong criticality is observed increases with the value of the site spin.
To understand this behaviour, we have examined the evolution of the low-lying energy levels as a function of the magnetic field. We note that for isotropic exchange, there are several energy level crossings of states with different magnetization, M s (fig 3) . for all the different site spins. The sharp cusp in the magnetic entropy when the ground state M s value changes manifests as sharp singularities in the magnetic Grüneisen constants.
We have also studied the behaviour of the magnetic Grüneisen parameters, in an assembly of spin clusters with inter-chain spin dipolar interactions. We have carried out these studies on a chain of 100 spin clusters, a 10 × 10 square lattice and a 5 × 5 × 5 simple cubic lattice with 125 spin clusters. The nearest neighbor spin dipolar interaction energy E d 12 are chosen to be 1.2J 1 , 2.4J 1 and 6J 1 for a fully polarized spin 6 cluster (M=6) with magnetization oriented along chain axis for a pair of nearest neighbor clusters. This in turn scales the nearest neighbor distance. The lattice constant of the system in all dimensions are taken to be unity. The Monte Carlo calculations have been carried out only on the spin-1 systems.
We obtained the Grüneisen parameter Γ H for systems of N = 2, 3, 10 and 100 clusters for dipolar interactions strength E d 12 =1.2J 1 , 2.4J 1 and 6J 1 and nearest neighbor exchange anisotropies = 0.3 and 0. The system sizes N = 2 and 3 were chosen also as a test of the Monte Carlo algorithm, as for these sizes, exact calculations are feasible. field. However we see small Γ H at low fields and sharp singularity at intermediate fields in the both the cases for weak dipolar interactions.
In (fig 8) we show the dependence of Γ H on dimensionality of the lattice for a fixed lattice constant corresponding to E d 12 = 1.2J 1 , for different anisotropies. In a chain, as the anisotropy of the exchange interaction increases, the singularity in Γ H shifts to higher fields and also becomes sharper. Besides, for the isotropic system there are two broad oscillations.
The wavelengths of these oscillations decrease with increasing and for = 0.2 and 0.3 there is only one sharp singularity but Γ H is smaller for = 0.3 than for = 0.2. When we go to a square lattice, while the general behaviour is similar to that of the chain, the singularities in Γ H for the same are at a lower field than for the corresponding chain. Besides Γ H in 2-d is smaller than in 1-d at the same field for corresponding systems. In 3-d the Γ H is the smallest and the first singularity is at a much lower field than in the 1-d and 2-d cases. Besides, the high field behaviour in 3-d shows many singularities. This can be understood form the fact that in 3-d a spin has more neighbors at the same distance than in 1-d or 2-d.
This would mean many more micro states of spin orientations which are close in energy.
Thus, a slight field shift can take the system from one spin configuration to another.
B. Frustrated spin clusters (Model II)
We have studied the magnetic Grüneisen parameter in models with next nearest neighbor ferromagnetic interactions which result in spins frustration. In (fig 9) we have shown the dependence of Γ H for a single spin cluster of site spins s = 1, 3/2 and 2. In all the cases, we find large Γ H parameters in the low-field region with Γ H increasing with site spin as in model I. We also find that for the case of the isotropic model and the weak anisotropic model In all cases there is an increase in the entropy near zero field. This behaviour is consistent with the observed Γ H dependence on the applied field.
We have studied the spin-1 model in 1-D, 10 × 10 2-D and 5 × 5 molecules. We have also studied the 1-D system for different cluster sizes. For a cluster of 2 and 3 molecules with isotropic exchange, the singularity in Γ H shift to lower fields as the interaction strength is increased (fig 11) . 
IV. CONCLUSIONS
We have calculated exact magnetic Grüneisen parameters Γ H for two different models (i) spin chains with alternating ferro and antiferro magnetic exchange interactions and (ii) frustrated spin chains with additional next nearest neighbor ferromagnetic interaction. We have seen two different characteristics in high and low applied magnetic field regimes. Γ H exhibits peaks in low field for all spin chains and these peaks are higher for larger exchange anisotropy. In high field region, we have observed oscillations or singularities in Γ H and these singularities become sharper with increase of exchange anisotropy. These singularities shift to higher fields as site spin increases. The singularities in Γ H show up as cusps in the magnetic entropy plot in all cases as well as crossover in the ground state magnetization in the Zeeman plots. Furthermore, we have systematically studied the behaviour of magnetic Grüneisen parameters in an assembly of spin clusters on a chain of 100 clusters, a 10 × 10 square lattice and a 5 × 5 × 5 cubic lattice for spin-1 systems with inter-chain spin-dipolar interactions using Monte Carlo method. For all system sizes (N = 2, 3, 10 and 100), the singularities in Γ H shift to lower fields with increase in spin-dipolar interaction strength and in case of large system the singularity vanishes for E dip 12 = 6J 1 . These singularities become sharper with increase in exchange anisotropy. We have also studied the dependence of Γ H on the dimensionality of the lattice for a fixed spin-dipolar interaction strength, E d 12 = 1.2J 1 . We observe that as the exchange anisotropy increases, the singularities in Γ H shift to higher fields in chains and square lattice and cubic lattice, these singularities shift to lower fields although |Γ H | becomes smaller. Similar behaviour is seen in frustrated spin model, although the magnitude of Γ H is smaller than in the non-frustrated model. Because of built in magnetic entropy in the frustrated model, the net change in magnetic entropy due to adiabatic demagnetization will be less sharper and accounts for smaller Γ H values in frustrated models.
